ABSTRACT: Ferrous iron-promoted reduction of a hindered peroxide bond underlies the antimalarial action of the 1,2,4-trioxane artemisinin and the 1,2,4-trioxolane arterolane. In appropriately designed systems, a 1,2,4-trioxolane ring can serve as a trigger to realize ferrous iron-dependent and parasite-selective drug delivery, both in vitro and in vivo. A stereocontrolled, expeditious (three steps), and efficient (67−71% overall yield) synthesis of 1,2,4-trioxolanes possessing the requisite 3″ substitution pattern that enables ferrous iron-dependent drug delivery is reported. The key synthetic step involves a diastereoselective Griesbaum co-ozonolysis reaction to afford primarily products with a trans relationship between the 3″ substituent and the peroxide bridge, as confirmed by X-ray structural analysis of a 3″-substituted 4-nitrobenzoate analogue. C ombination therapy with the sesquiterpene endoperoxide artemisinin is the current standard of care for treating uncomplicated malaria. A variety of synthetic molecules unrelated to artemisinin except for the presence of a hindered peroxide bond have been shown to also exhibit potent antimalarial properties. The 1,2,4-trioxolane arterolane 1−3 (1, Figure 1 ) was the first such synthetic peroxide to be approved for clinical use (in India), while a related analogue with improved properties (OZ439) 4 is currently progressing through human clinical trials. While their mechanism of antimalarial action is still studied and debated, 5−16 the prevailing view is that Fenton-type reduction by ferrous iron sources within the parasite is an essential, activating chemical event. Various in vitro studies 7, 11, 13, 17 have confirmed the intermediacy of carbon-centered radicals following exposure of arterolane-like model systems to inorganic iron(II) salts or iron(II) heme. The concomitant production of ketone products in these reactions suggested to us the possibility of exploiting trioxolane fragmentation chemistry for ferrous iron-dependent and parasite-selective drug delivery.
C ombination therapy with the sesquiterpene endoperoxide artemisinin is the current standard of care for treating uncomplicated malaria. A variety of synthetic molecules unrelated to artemisinin except for the presence of a hindered peroxide bond have been shown to also exhibit potent antimalarial properties. The 1,2,4-trioxolane arterolane 1−3 (1, Figure 1 ) was the first such synthetic peroxide to be approved for clinical use (in India), while a related analogue with improved properties (OZ439) 4 is currently progressing through human clinical trials. While their mechanism of antimalarial action is still studied and debated, 5−16 the prevailing view is that Fenton-type reduction by ferrous iron sources within the parasite is an essential, activating chemical event. Various in vitro studies 7, 11, 13, 17 have confirmed the intermediacy of carbon-centered radicals following exposure of arterolane-like model systems to inorganic iron(II) salts or iron(II) heme. The concomitant production of ketone products in these reactions suggested to us the possibility of exploiting trioxolane fragmentation chemistry for ferrous iron-dependent and parasite-selective drug delivery.
To realize iron(II)-dependent drug delivery, we designed 1,2,4-trioxolanes in which the liberated ketone species is a substrate for subsequent retro-Michael reaction. 18−20 Once revealed, this ketone intermediate undergoes spontaneous β-elimination and decarboxylation to release a drug species attached at the β-position. Thus, iron(II)-dependent drug delivery is achieved by coupling trioxolane fragmentation and β-elimination chemistries. In previous work, we demonstrated a proof-of-concept for this approach in cultured P. falciparum parasites 18, 19 and in a mouse model of malaria. 20 We found that trioxolane-mediated delivery of a protease inhibitor led to more sustained inhibition of the desired parasite protease and reduced inhibition of mammalian off-target proteases in vivo.
Most recently, we described 21 a new generation of molecules 2 in which drug is released via β-elimination from cyclohexanone intermediate 3 (Scheme 1). This design requires conjugation of drug species at the 3″ position of the cyclohexane ring in 2. As with our previous systems, release of drug is "traceless" and can occur only after initial unveiling of the ketone function in 3 by iron(II)-promoted trioxolane scission in 2. A conjugate bearing the aminonucleoside antibiotic puromycin was used to confirm drug release from 2 in live Plasmodium falciparum parasites. Thus, α-puromycin antibodies were employed to follow the incorporation of released puromycin in the parasite proteome. Significantly, treatment with nonperoxidic dioxolane control 4 did not lead to puromycin incorporation in parasite proteins, confirming the peroxide dependence of drug release from 2.
To further explore the therapeutic potential of trioxolane conjugates 2, we sought to identify an efficient and stereocontrolled synthetic approach to these systems. A second (1) and arterolane-inspired trioxolane−drug conjugate 2. Free drug is released from 2 in the presence of ferrous iron.
Letter pubs.acs.org/OrgLett objective was to prepare analogues of 2 with 3″-vinyl substitution, which we expected should exhibit enhanced rates of retro-Michael reaction. Ready access to drug substance is of particular importance in the case of antimalarial therapies, which must be produced at low cost for use in malaria-endemic countries. As noted above, realizing drug delivery from trioxolane 2 requires conjugation of drug at the 3″ position of the cyclohexane ring since this position represents the β position in the corresponding retro-Michael intermediate 3 (Scheme 1). However, a key synthetic challenge presented by 3″ substitution is the consequent desymmetrization of the molecule, resulting in four possible stereoisomers. By contrast, symmetrical 4″-substituted trioxolanes like 1 are achiral, existing as cis or trans diastereomers. Increased stereochemical complexity may explain why 3″-substituted trioxolanes have been scarcely reported 22, 23 in the literature, an exception being the ester 5 23 (Scheme 2).
Our initial synthetic efforts focused on nucleophilic additions to the racemic ketone 6, 21 which we hoped would allow access to the desired 3″-vinylic alcohol intermediate (Scheme 2). While this proved a viable approach, we found that the intrinsic diastereofacial selectivity of ketone 6 was modest. Thus, reduction of 6 with sodium borohydride proceeded with little selectivity, and 1 H NMR analysis of the corresponding methyl ether 7 revealed a 40:60 diastereomeric ratio (dr). Addition of vinylmagnesium bromide to 6 was more selective but complicated by competing enolization of the substrate, leading to poor yields. In an attempt to circumvent this issue, we examined additions of the less basic vinyl organocerium species. This approach afforded modest yields of 8 as a separable mixture of diastereomers (45:55 dr). While intermediate 8 proved useful for studies of retro-Michael release, we found that conjugation of drug species at this sterically encumbered tertiary alcohol was often challenging. Thus, we returned to focus on unsubstituted systems (secondary alcohols) with the goal of achieving improved stereocontrol.
One attractive strategy involved setting relative stereochemistry in the Griesbaum co-ozonolysis 24 reaction used to install the trioxolane ring. This remarkable reaction proceeds through multiple steps, the final one involving a [3 + 2] cycloaddition between a carbonyl oxide and ketone. In their studies of 4″-substituted trioxolanes, Vennerstrom and coworkers concluded that the stereochemistry-defining [3 + 2] cycloaddition step occurs with a preference for axial addition to 4-substituted cyclohexanone substrates. 25 Axial addition to 4-cyclohexanone substrates affords trioxolane product with an equatorial 4″ substituent and a cis relationship to the axial peroxide function (as in 1). By analogy, axial attack of the carbonyl oxide intermediate on a 3-substituted cyclohexanone should produce products with an equatorial 3″ substituent and a trans relationship with the axial peroxide (Scheme 3, top).
To explore this possibility, we prepared the tert-butyldiphenylsilyl ether 10 as a substrate for Griesbaum co-ozonolysis with oxime 11 (Scheme 3). In the event, 10 reacted smoothly with 2.5 equiv of 11 and ozone in CCl 4 to afford the desired product 12 in high yield. Silyl ether 12 was immediately subjected to reaction with TBAF in THF to afford alcohol 13 in three steps and 67−71% overall yield from 9. The 1 H NMR spectrum of 12 and 13 suggested that the Griesbaum reaction had proceeded with good diastereocontrol. This was confirmed To further explore the diastereoselectivity of this reaction, we explored additional cyclohexanone substrates bearing 3-substituents with varying steric bulk (e.g., −OAc, −OSiMe 3 , −OSi(i-Pr) 3 ). Following Griesbaum reaction with 11, protecting groups were removed and the resulting alcohols 13 converted to methyl ethers 7 for determination of diastereomeric ratios. Interestingly, we observed a similar ∼90:10 dr in each of these reactions, regardless of the ketone substrate employed. The only previously described Griesbaum coozonolysis involving a similar 3-substituted substrate was that leading to 5, which was reported 23 to proceed with "high" diastereoselectivity, consistent with our results. The trans stereochemistry assigned to 5 was based on the predicted mode of axial addition, however, and was not rigorously established.
We found that the high proportion of overlapping aliphatic resonances in the 1 H NMR spectra of 13 and its analogues made an unambiguous stereochemical assignment challenging. We therefore prepared a number of analogues that we expected might yield diffraction quality crystals. Ultimately, a suitable crystal of the 4-nitrobenzoate analogue 14 was obtained from a saturated toluene/ethanol/methanol solution by vapor diffusion of hexane. A complete, high-quality X-ray diffraction data set was collected on a single crystal of 14, and the resulting structure confirms the expected axial disposition of the peroxide bridge with a trans relationship to the equatorially positioned 3″-substituent (Figure 2) . A 1 H NMR spectrum of the recovered crystal used for the X-ray diffraction experiment showed the material to be solely the major diastereomeric product (Supporting Information). Thus, the X-ray structure of 14 establishes unambiguously for the first time the stereochemical preference of Griesbaum co-ozonolysis reactions involving 3-substituted cyclohexanones.
The conjugation of amine-bearing drugs to alcohol 13 can be achieved in high yield via the corresponding nitrophenyl carbonate intermediate 15.
To illustrate this, we introduced the diamino side chain of arterolane via a carbamate linkage at the 3″ position, yielding 16 (Scheme 5). Note that the trans stereochemistry of this "pseudoarterolane" analogue (16) is conformationally analogous to the cis stereochemistry of arterolane in that the side chain in both 1 and 16 is equatorially disposed (Scheme 5). Thus, the trans stereochemistry afforded by the chemistry described herein is also the "correct" stereochemistry for drug delivery conjugates 2, in that it is most similar to clinical compounds like arterolane and OZ439. Indeed, we have found that 16 exhibits in vitro antiplasmodial activity indistinguishable from that of 1 (Gut, J., personal communication). We are currently exploring the in vitro and in vivo properties of various drug conjugates of 13, which will be reported in due course.
In this report, we have described a short, efficient, and stereocontrolled synthesis of antimalarial 1,2,4-trioxolanes with a hitherto underexplored 3″-substitution pattern. Carbamateconjugated, 3″-substituted trioxolanes of this type are uniquely capable of realizing ferrous iron-dependent drug delivery to the malaria parasite. 21 The Griesbaum reaction between ketone 10 and oxime 11 proceeds in a stereocontrolled fashion to provide primarily products with a trans relationship between the peroxide bridge and the 3″-substituent. In our hands, this chemistry has provided ready access to gram quantities of 13, and no obvious barriers should bar the preparation of much larger quantities of this key intermediate. Finally, the use of nonracemic ketone substrates in this process should enable access to single enantiomers of 3″-substituted 1,2,4-trioxolanes and their corresponding ferrous iron-reactive drug conjugates. 
